Abstract -The objective of this work was to estimate genetic parameters and predict genetic values for the selection of cassava (Manihot esculenta) genotypes in the state of Pará, Brazil. The trial was performed with 56 genotypes in two growing seasons
Introduction
Cassava (Manihot esculenta Crantz) is mainly cultivated by small farmers in tropical and subtropical countries, because its roots are an important source of carbohydrates (Howeler et al., 2013) . The origin of the species is South America, and Brazil is most likely its center of origin and domestication (Olsen, 2004; Léotard et al., 2009 ). The Amazonian region probably represents a stock of its genetic resources. According to Instituto Brasileiro de Geografia e Estatística (Levantamento..., 2015) , the Brazilian production of cassava in 2014 reached 23 million tons, and the state of Pará is the country's greatest producer, contributing with 21% total production.
The genetic resources of the species are being kept in active germplasm banks distributed all over different regions of Brazil and are mainly represented Pesq. agropec. bras., Brasília, v.51, n.7, p.834-841, jul. 2016 DOI: 10.1590/S0100-204X2016000700006
by landraces selected by farmers. The conservation of cassava germplasm is essential to reduce genetic erosion and to supply part of the genetic diversity for genetic breeding programs (Fukuda et al., 2005) . A fundamental action in the process of genetic breeding is the genotypic prediction of the most promising genotypes, which depends on the estimation of genetic parameters, as well as on the correlations among traits under selection (Resende et al., 2001; Oliveira et al., 2015) . However, researches on estimates of genetic parameters for cassava quantitative traits and of polygenic heritage (Resende, 2002; Ojulong et al., 2008) are still scarce in Brazilian conditions (Barreto & Resende, 2010; Farias Neto et al., 2013) . The separation of total variation into inheritable and non-inheritable components is fundamental to define the progress and best strategies for selection. Accurate estimates of variation components and determinants for selection, using optimal procedures of estimation and prediction, are important in cassava breeding, enabling maximization of gains via selection (Furlani et al., 2005; Oliveira et al., 2014) .
The objective of this work was to estimate genetic parameters and predict genetic values for the selection of cassava (Manihot esculenta) genotypes in the state of Pará, Brazil.
Materials and Methods
Two experiments were carried out to evaluate 56 genotypes, belonging to the active germplasm bank of Embrapa Amazônia Oriental (Table 1) , in the municipality of Igarapé-Açu, in the state of Pará, Brazil, in the 2012/2013 and 2013/2014 growing seasons. Trials were established in July and harvest was done 12 months later. Genotypes were randomly chosen based on the availability of the propagative material. The climate of the region is classified as Am according to Köppen. The average rainfall is of 2,495 mm and the average temperature per year is 26.4°C (Instituto..., 2009) . The soil is a Latossolo Amarelo distrófico (Santos et al., 2013) , i.e., an Oxisol of medium texture.
The experiment was established in the augmented blocks design, with the number of genotypes distributed homogenously over six blocks and ten genotypes plus the control treatments distributed in lines of ten plants each. In the present study, the propagative material and the area to install other types of experimental designs was limited. The BRS Poti and BRS Kiriris cassava cultivars, both tolerant to root rot disease, were used as the control treatments. Plots were represented by ten plants for each genotype. The planting trial was performed in 1.0×1.0-m spacing with tillage and plowing for soil preparation. Only one fertilizer application was performed with nitrogen, phosphorous, and potassium, using the formula N-P 2 O 5 -K 2 O 10-28-20, at 35 days after planting of stakes, when 40 g of fertilizer were used per planting spot and no irrigation was performed.
Evaluations were carried out when plants were 12 months old, considering as useful plot the eight middle plants of the line. The evaluated traits were: fresh root yield (FRY), measured per plot and converted into kilograms per hectare; starch content in the roots (SCR), measured by the method of hydrostatic balance (Grossman & Freitas, 1950) ; number of roots per plant (NRP); number of rotten roots per plant (NRRP); plant shoot weight (PSW), measured in kilograms; and harvest index (HI), which represents the ratio between fresh root yield and total plant weight, measured according to Kawano (1990) . Traits were measured as in Fukuda & Guevara (1998) , and, when plots contained lost data, values of the PSW, NRP, NRRP, and FRY traits were corrected for seven plants according to Cruz (2006) . In one of the evaluated years, data of four genotypes could not be collected and, therefore, were eliminated from the analysis.
Data was analyzed using the restricted maximum likelihood/best linear unbiased prediction (REML/ BLUP) procedure, proposed by , using the Selegen-REML/BLUP software , according to the model: y = Xf + Zg + Wb + ε, in which: y is the vector of data; f is the vector of effects assumed as random (control treatments); g is the vector of genotypic effects assumed as random; b is the vector of the effect of trials or blocks assumed as random; ε is the vector of random errors; and X, Z, and W are the matrices of the incidence of f, g, and b, respectively. Model 70, described by , was used, but the effect of permanent environments (p) was removed, since there was no interaction between blocks and control treatments. In addition, the equations of mixed models are: The broad-sense heritability at individual plots was measured by:
) whereas the adjusted heritability of the average of genotypes was:
The coefficient of determination of block effects was determined by:
is the genotypic variance among genotypes; σ b 2 is the variance among blocks or trials; and σ ε 2 is the residual variance among plots.
The estimators of components of variance via REML were:
for which C 22 and C 33 came from: For the abovementioned equations, C is the coefficient matrix of the mixed model equations; tr is the trace operator matrix; r(x) is the rank of matrix X; and N, q, and s are the total number of data, genotypes, and blocks or trials, respectively.
The significance of random effects was obtained by the analysis of deviance (Anadev) using the REML method, which is advantageous over the use of analysis of variance in cases of unbalanced data. The likelihood radio test (LTR) was also used, as described by . Deviances were obtained using the model with and without effects, by subtracting the deviance obtained in the complete model from the model without effects and by comparing it with the qui-square test, at 5% probability (Borges et al., 2010) . Descriptive statistics and correlations among traits were estimated, and significance tests were performed using the t test, at 5% probability. The adequate number of replicates was calculated by the formula:
, in which r is the number of replicates; h 2 is the broad-sense heritability at individual plots; and Ac is the accuracy of selection measured as percentage (Resende & Barbosa, 2005) .
Results and Discussion
Significant differences were observed in the mixed analysis using unbalanced data for PSW, NRP, HI, and SCR between genotypes (Table 2) , indicating genetic variation and the possibility of genetic gains. However, there was no significant difference for NRRP and FRY. Genetic variation for cassava root traits, including root yield, has been commonly identified in different studies in Brazil (Barreto & Resende, 2010; Oliveira et al., 2014 Oliveira et al., , 2015 and in Africa (Aina et al., 2007; Ojulong et al., 2008; Tumuhimbise et al., 2015) . Possibly, in the present study, the augmented blocks design was not suitable to detect differences for root yield. Farias Neto et al. (2013) evaluated ten cassava genotypes in three different locations in the state of Pará, using a randomized complete block design, and identified CVe for root yield of 20.9%, which, in the present work, reached 44.5% for FRY, affecting the detection of genetic variation.
Genetic correlations are important measures in genetic studies, since they can quantify the possibility of indirect gains by selection based on correlated traits, especially for those with low heritability. The genetic correlation among traits varied from low to average magnitude (Table 3 ). There were positive and significant correlations between PSW and NRP, PSW and FRY, and FRY and NRP (Table 3) . These positive and significant correlations were expected, since the increase in root yield has been associated with plant shoot growth and with the increase in the number of roots (Elias et al., 2001; Tumuhimbise et al., 2015) . However, a negative and significant correlation was verified between FRY and NRRP, which was also expected, since root rot leads to yield loss.
A positive and significant correlation was obtained between FRY and HI. In addition, HI was also negatively correlated both with PSW, which was expected, since HI represents the ratio between root weight and total plant weight, and with NRRP. Barreto & Resende (2010) identified similar results when they evaluated 250 cassava genotypes in the Western Amazon.
According to the estimates of broad-sense heritabilities at individual plots (h g 2 ) and of coefficients of genotypic variation (CVg), traits showed variability and were heritable (Table 4 ). Furthermore, besides the different magnitudes, there was the possibility of genetic gains after the selection of the best genotypes (Table 5) . Although the PSW trait showed high CVg, its h g 2 was low, with intermediate magnitude for selective (Borges et al., 2010) . Among the methods of prediction, BLUP has the ability to maximize selective accuracy (Resende, 2002; Furlani et al., 2005) . The estimates obtained for genetic gains for PSW, based on the selection of the five best genotypes, varied from 6.0 to 11.08%, when compared with the general mean of the evaluated sample (Tables 4 and 5) . Oliveira et al. (2015) assessed 47 cassava genotypes and identified higher values of h g 2 (0.67) and selective accuracy (0.93) for shoot yield, with genetic gains that varied from 8.4 to 20.4%, considering the ten best genotypes. The low h g 2 observed in the present study may be an effect of the high CVe (Table 4) , which reflected on low values of genetic gains with the selection of the five best genotypes. However, the existence of genetic variability was detected for this trait, which can be further selected under better experimental control conditions. PSW is an important trait of cassava considering animal nutrition and propagative material for farmers. This trait may also be adopted for the selection of genotypes with the aim to provide leaves for human feed, since, in some parts of the North region of Brazil, there is a tradition to prepare a food known as "maniçoba" from the leaves of cassava.
NRP presented low CVg and moderate h g 2 values, and a selective accuracy of intermediate magnitude (Table 4) ; however, h g 2 can be considered high due to the quantitative and polygenic nature of this trait (Resende, 2002) . These values can guarantee genetic gains varying from 15.81 to 27.10%, considering the selection of the five best genotypes, when compared with the general mean of the population (Tables 4 and  5 ). Barreto & Resende (2010) (1) σ g 2 , genotypic variance; σ b 2 , environmental variance between blocks; σ ε 2 , residual variance; σ f 2 , individual phenotypic variance; h g 2 , coefficient of broad-sense heritabilitities at individual plots; h g 2 ±s h g 2 , standard deviation of heritability; h m 2 , adjusted heritability of the average of genotypes; c b 2 , intraclass correlation coefficient; CVg, genotypic coefficient of variation; CVe, residual coefficient of variation; CVr, relative coefficient of variation; and SA, selective accuracy.
(2) FRY, nonsignificant trait with distribution for 1 degree of freedom; chi-square of 3.84, at 5% probability; and analysis of deviance.
(3) Number of replicates based on the formula described by Resende & Barbosa (2005) . these studies, was probably an effect of the lower genetic variation among genotypes for NRP. The value of CVe was below 30%, but this coefficient alone does not allow a proper evaluation of the experimental quality; the ideal is to consider the CVr value, which was 1.00 (Table 4) . CVr showed a better possibility to obtain genetic gains with the selection of the best genotypes. It should be noted that genotypes with better values for NRP (Table 5) were not the same for FRY (data was not shown for FRY). When combined, these traits can improve cassava yield, which can be achieved with directed crossings among selected genotypes. Crossings have been successfully used in genetic breeding programs of cassava (Ceballos et al., 2004) .
Therefore, considering the results of h g 2 , selective accuracy, and CVr for NRP in the present study, there are moderate perspectives for the selection of this trait in the initial phases of a genetic breeding program before the test of the best genotypes in more accurate trials. Aina et al. (2007) identified cassava root traits with moderate values of h g 2 and suggested that they can be improved based on their phenotypic performances.
For the HI trait, low CVg, moderate h g 2 , and selective accuracy of intermediate magnitude were observed (Table 4) . Ojulong et al. (2008) obtained the same value for h g 2 for HI when they analyzed 979 genotypes from the International Institute of Tropical Agriculture (IITA); however, Aina et al. (2007) found higher value of h g 2 (0.57). In the present study, values of CVg and h g 2 guaranteed genetic gains of 9.82 to 12.14% with the selection of the five best genotypes, when compared with the general mean of the sample (Tables 4 and 5 ). The control treatments were most promising for HI (Table 5) , which indicated low innovative potential of the genotypes evaluated for this trait. However, the general mean for HI was above 50% (Table 4) , which was considered satisfactory in another study with cassava (Peixoto et al., 2005) . This can be an indicative of high root production, confirming indirect selection for FRY, since HI tends to shows higher levels of heritability (Kawano et al., 1998) .
The NRP and HI traits can be considered as good criteria for selection regarding root yield, since FRY showed low h g 2 (Table 4 ) and significant variation was not detected for this trait at p >0.05 (Table 2 ). However, indirect selection based on HI has to consider that high values for this trait may also be an effect of low shoot growth and that the data has to be analyzed for each genotype to aid in the selection.
For HI, a low value was observed for CVe and a value close to 1.0 for CVr (Table 4) . These values indicate moderate genetic control of this trait, and more accurate trials can generate higher estimates of genetic parameters.
The lowest value of CVg was obtained for the SCR trait. However, the general mean for this trait was high, which indicates the existence of materials with SCR above 30%. In the present study, the value of h g 2 was low and selective accuracy was of medium magnitude (Table 4) . Oliveira et al. (2015) , however, obtained high starch yield estimates for 47 genotypes of cassava, whereas Kizito et al. (2007) identified h g 2 of 0.42 for SCR in the analysis of genotypes with low hydrogen cyanide and high dry matter contents. Oliveira et al. (2015) found that this difference in the results of h g 2 concerning SCR may be due to the use of different methods to determine dry matter in the roots, as well as to the effects of location and harvest time. The values obtained in the present study provided genetic gains (Tables 4 and 5) .
Low values were observed for CVe and CVr; the latter were due to low genetic variability among genotypes (Table 4 ). This indicated that SCR had low environmental effect on local conditions, and evaluations of SCR in a higher number of divergent cassava genotypes may guarantee better results of genetic selection for this trait. Higher values of CVe for starch yield were detected by Oliveira et al. (2014 Oliveira et al. ( , 2015 . However, estimates of CVg for starch yield were low for a sample of 250 cassava genotypes assessed in the state of Amazonas, Brazil (Barreto & Resende, 2010) .
Individual heritability estimates were of lower magnitude for FRY, PSW, and SCR. However, the heritabilities were more elevated when based on genotype means (h m 2 = 0.20, h m 2 = 0.43, and h m 2 = 0.42, respectively) ( Table 4 ). The major difference observed between h g 2 and h m 2 for the PSW and SCR traits can be attributed to the lower phenotypic variation in the calculation of inheritance due to reduction in residual variance (Table 4 ). This procedure most likely attenuated the variation in repeated measures and proved to be a method for increasing the efficiency of selection for FRY, PSW, and SCR. Similar results were obtained by Oliveira et al. (2014) for the amylose content trait in cassava roots.
The values of the intraclass correlation coefficient (c b 2 ), a parameter that quantifies variability within blocks, varied from 0.01 to 0.02 for FRY, PSW, NRP, HI, and SCR (Table 4) , which indicated fine quality of the experiment, according to Resende (2002) .
Conclusions
1. Cassava (Manihot esculenta) genotypes have genetic variation that can be used in genetic breeding programs.
2. Selection based on the harvest index can be applied due to its positive correlation with root yield.
3. The improvement of cassava is possible based on the following evaluated traits: shoot plant weight, number of roots per plant, number of rotten roots per plant, fresh root yield, harvest index, and starch content in the roots.
